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EORZLQJUDWLRWKHFRRODQWWRPDLQVWUHDP
WHPSHUDWXUHUDWLRFDQEHUHODWHGWRWKHFRRODQWWRPDLQVWUHDPGHQVLW\UDWLRDQGGHILQHGDV

'HQVLW\5DWLR'5  ȡౙȡౣ
400   Nijo Jose et al. /  Procedia Engineering  127 ( 2015 )  398 – 404 

%ORZ

7KHI
ߟ ൌ

1RP
%5
'5
9
7
*UHH

Ș
ȡ
6XEV
I
P
Z

&R
7KH
FRQVL
FRROD
WDNHQ
EORZL
 D
FDOFX
FRPP
DYDLOD
FRQVH
WKDWR
*
7K
 [
FRPS









LQJ5DWLR%5
LOPFRROLQJHI
 ሺܶ݉ െ ܶݓሻ
HQFODWXUH
%ORZLQJ
'HQVLW\5
9HORFLW\
7HPSHUD
N6\PEROV
$GLDEDW
'HQVLW\
FULSWV
)LOP
0DLQVW
:DOO
PSXWDWLRQDO'
IODWSODWHPR
GHUHG7KH WHV
QWKROHOHQJWK
 DV DLU'XULQ
QJUDWLRVLQWK
QG WKH EORZLQ
ODWHG LQ WKH VW
HUFLDOO\ DYDLO
EOH JHQHUDO S
UYDWLRQRIPD
IWKHH[SHULPH
HRPHWU\RIWK
HFRPSXWDWLRQ
  [ 
XWDWLRQDOPRG
  ȡౙ୴ౙȡౣ୴ౣ
IHFWLYHQHVVLVG
Ȁሺܶ݉ െ ܶܿሻ
5DWLR
DWLR

WXUH
LFILOPFRROLQJ

UHDP
HWDLOVRI6WX
GHOZLWKF\OLQ
WPRGHOKDV
WRGLDPHWHUUD
J WKH H[SHULP
HUDQJHRI
J UDWLRV UDQJL
UHDP ZLVH GLU
DEOHGHVLJQ VR
XUSRVH $16<
VVPRPHQWXP
QWDUHFRQVLGH
HFRPSXWDWLRQ
DOGRPDLQLV
PP 7KH JHQ
HOLVSUHSDUHGX

HILQHGDV

HIIHFWLYHQHVV
G\
GULFDOKROHVKD
 ILOPFRROLQJ
WLRRIDQG
HQWDO DQDO\VLV
WRDWD'5
QJ IURP  W
HFWLRQ DW DOO
IWZDUH62/,'
6 )/8(17 S
DQGHQHUJ\7
UHGLQWKH&)'
DOPRGHO
PDGHVLPLODUW
HUDWHG FRPSX
VLQJ62/,':

SHDQGFRRODQ
KROHVDUUDQJ
SLWFKWRGLDP
 WKH DGLDEDWLF
RI1XPH
R  7KH ODWHU
WKH FRQVLGHUHG
:25.6
DFNDJH IRU VR
KHVDPHIORZ
DQDO\VLV
RWKDWRIH[SH
WDWLRQDO PRGH
25.6DVVKR



WLQMHFWLRQDQJ
HG LQ WZRURZ
HWHUUDWLRRI
 ILOP FRROLQJ
ULFDODQDO\VLV
DOO\ DYHUDJHG
 EORZLQJ UDWL
&)'QXPHULF
OYLQJ WKH WKUH
SDUDPHWHUVRI
ULPHQWDOVHWXS
O VL]H LV WKH
ZQLQ)LJDQ

OHRIZLWK
V LQD VWDJJHU
7KHFRRODQW
HIIHFWLYHQHVV
LVGRQHIRUGHQ
DGLDEDWLF ILOP
RV 7KH WHVW J
DO DQDO\VLV LV
H GLPHQVLRQD
PDLQVWUHDP
&RPSXWDWLRQ
VDPH IRU DOO
GLVLPSRUWHG

VWUHDPZLVH
HGFRQILJXUDWL
DQGPDLQVWUHDP
LV IRXQG DW ILY
VLW\UDWLRVRI
 FRROLQJ HIIH
HRPHWU\ LV FU
GRQHXVLQJFR
O HTXDWLRQV FR
DQGFRRODQWFR
DOPRGHOVL]H
WKUHH GHQVLW\
LQWR$16<6

GLUHFWLRQLV
RQZLWK WKH
JDVHVDUH
H GLIIHUHQW
DQG
FWLYHQHVV LV
HDWHG XVLQJ
PPHUFLDOO\
QVLVWLQJ RI
QGLWLRQVDV
 LV WDNHQDV
UDWLRV 7KH
)/8(17
401 Nijo Jose et al. /  Procedia Engineering  127 ( 2015 )  398 – 404 

7KH
VXUID
HOHP











$OD
H[SR
WHWUD

%
7K
UHDOL
NHS
FRQG
IRUWK

9
)UR
VWUHD
LVYD
DLU L
SUHVV
7KH
FRPS
EORZ

*ULG*HQHUDWL
JHRPHWU\RIWK
FHDORQJZLWK
HQWV
\HURIILQHJUL
UWHG WR WKH)/
KHGUDOPHVK
RXQGDU\&RQ
HPHVK LV LPS
]DEOHWXUEXOHQ
VLORQ UHDOL]DEO
LWLRQVJLYHQDU
HPDLQVWUHDP
DOLGDWLRQ
PERWK WKHH[
PZLVHGLUHFWL
OLGDWHGDJDLQV
V SDVVLQJ WKUR
XUHVDFURVVWK
PDLQVWUHDP D
DULVRQRIH[S
LQJUDWLRVDQG

RQ
HFRPSXWDWLRQ
WKHIORZDUHD
GLVFUHDWHGQH
8(17 VROYHU
GLWLRQV
RUWHG WR )/8
FHPRGHOLVFR
H WXUEXOHQFH P
HYHORFLW\LQOH
RXWOHWDQGDOO
SHULPHQWDODQ
RQDWEORZLQJ
WWKHH[SHULPH
XJK WKHPDLQ
HRULILFHPHWH
QG FRRODQW WHP
HULPHQWDODQG
GHQVLW\UDWLRV
)LJ*
DOPRGHOLVLP
LVGLVFUHWL]HG
)LJ
DUWKHZDOOVLQ
 IRU VLPXODWLR
(17ZLWK GHQ
QVLGHUHGWRJLY
RGHO LV XVHG
WIRUWKHPDLQ
RWKHUVXUIDFHV
GQXPHULFDO L
UDWLRVWR
QWDOUHVXOWVRE
GXFW DQG FRRO
U7KHUHTXLUHG
SHUDWXUHV DUH
QXPHULFDOVWX
DQGUHVXOWVDUH
HRPHWU\RIWKHFRP
SRUWHGWR,&(
XVLQJDWHWUDK
&RPSXWDWLRQDO
RUGHUWRFDSW
Q )LJ VKRZ
VLW\ EDVHG VR
HEHWWHUVROXWL
 IRU DOO WKH G
VWUHDPLQOHWIOR
LVFRQVLGHUHG
QYHVWLJDWLRQ W
ZLWKGHQVLW\
WDLQHGLQ&6,5
DQW IORZ LVP
FRRODQWIORZ
PRQLWRUHG DQ
GLHV LVVKRZQ
SORWWHG
SXWDWLRQDOPRGHO
0&)'PHVK
HGUDOYROXPHZ
JULGVIRUWKHGRPD
XUHWKHSK\VLF
V WKHJHQHUDWH
OYHU IRU&)'
RQQHDUWKHZD
HQVLW\ UDWLRV I
ZPDVVIORZ
DVZDOO
KHDGLDEDWLFIL
UDWLRRI7
1$/VXEVRQ
DLQWDLQHGE\P
LVPDLQWDLQHG
GPDLQWDLQHG
LQ)LJDQG

LQJIRUPHVK
LWKILQHPHVK
LQ
VQHDUWKHZDO
GJULGRI WKH F
VLPXODWLRQ 7K
OOVEDVHGRQOLW
RU WKH &)' V
LQOHWRUWKHFR
OPFRROLQJHI
KHUHVXOWREWD
LFFDVFDGHZLQ
RQLWRULQJ WKH
WRKDYHWKHEO
WR KDYH WKH U
)LJ)XUWKHU
JULGJHQHUDWLR
RIDSSUR[LPD
ODQGWKHILQDOL
RPSXWDWLRQDO
H WZR HTXDWLR
HUDWXUHVXUYH\
LPXODWLRQV 7K
RODQWLQOHWSUH
IHFWLYHQHVV LV
LQHGE\QXPHU
GWXQQHO7KH
 XSVWUHDP DQG
RZLQJUDWLRVR
HTXLUHG GHQVLW
DQDO\VLV LVGR
Q7KHSODWH
WHO\[
]HGPHVKLV
PRGHOZLWK
Q NHSVLORQ
+HQFHWKH
H ERXQGDU\
VVXUHRXWOHW
IRXQGDORQJ
LFDODQDO\VLV
PDLQVWUHDP
 GLIIHUHQWLDO
IWR
\ UDWLR 7KH
QHIRURWKHU

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)LJ&RPSDULVRQRIH[SHULPHQWDODQGQXPHULFDOUHVXOWVZLWK%ORZLQJUDWLRVDQG




)LJ&RPSDULVRQRIH[SHULPHQWDODQGQXPHULFDOUHVXOWVZLWK%ORZLQJUDWLRVDQG

5HVXOWVDQG'LVFXVVLRQ

$GLDEDWLFZDOOWHPSHUDWXUHFRQWRXUVDUHQXPHULFDOO\VLPXODWHGIRUWKHEORZLQJUDWLRVUDQJLQJIURPWR
ZLWK GHQVLW\ UDWLRV RI   DQG  %\ XVLQJ WKLV VXUIDFH ILOP WHPSHUDWXUH YDOXHV REWDLQHG IURP &)' IRU
VSHFLILHG%5DQG'5WKHFRROLQJHIIHFWLYHQHVVLVFDOFXODWHG6LPLODUO\WKHILOPFRROLQJHIIHFWLYHQHVVZDVIRXQG
IRU DOO WKH EORZLQJ UDWLRV DQG GHQVLW\ UDWLRV FRQVLGHUHG IRU WKH IODW SODWH FLUFXODU KROH PRGHO )URP )LJ LW LV
REVHUYHGWKDWIRUDGHQVLW\UDWLRRIWKHILOPFRROLQJHIIHFWLYHQHVVLQFUHDVHVXSWR;GRIZLWKWKHLQFUHDVHLQ
EORZLQJUDWLRVIURPWR WKLV LVREVHUYHGGXHWRDWWDFKPHQWRI WKHFRRODQW MHWZLWKWKHWHVWVXUIDFHDW ORZHU
%5)RUWKH%5UDQJLQJIURPWRWKHUHLVDQLQLWLDOGHFUHDVHLQILOPFRROLQJHIIHFWLYHQHVVGXHWRGHWDFKPHQW
RI FRRODQW MHWZLWK WHVW VXUIDFH DQG DOVR ILOP FRROLQJ HIIHFWLYHQHVV LQFUHDVHVZLWK LQFUHDVH LQ%5 DQG JUDGXDOO\
LQFUHDVHVXS WR;GRIDQGGHFUHDVHVDORQJVWUHDPZLVHGLUHFWLRQ7KHPD[LPXPILOPFRROLQJHIIHFWLYHQHVV LV
IRXQG WREH IRU'5 LVZLWK%5)RUGHQVLW\ UDWLR WKH ILOPFRROLQJHIIHFWLYHQHVV LQFUHDVHVZLWK
LQFUHDVHLQEORZLQJUDWLRH[FHSWQHDUWKHKROHUHJLRQVZKHUHWKHILOPFRROLQJHIIHFWLYHQHVVLVKLJKHUIRU%5IURP
WR7KHFRROLQJHIIHFWLYHQHVVZDVORZHUDWKLJKHUEORZLQJUDWLRVQHDUWKHKROHUHJLRQGXHWRDWWDFKPHQWDQG
GHWDFKPHQWWKHRU\7KHPD[LPXPILOPFRROLQJHIIHFWLYHQHVVLVIRXQGWREHIRU'5RIZLWK%5RI)RU
GHQVLW\ UDWLR RI  WKH FRROLQJ QHDU WKH KROH UHJLRQV ZDV IRXQG KLJKHU DW %5 IURP  WR  7KH FRROLQJ
HIIHFWLYHQHVVZDVORZHUDWKLJKHUEORZLQJUDWLRVQHDUWKHKROHUHJLRQGXHWRDWWDFKPHQWDQGGHWDFKPHQWWKHRU\7KH
PD[LPXPILOPFRROLQJHIIHFWLYHQHVVLVIRXQGWREHIRU'5RIZLWK%5RI



)LJ$GLDEDWLFILOPFRROLQJHIIHFWLYHQHVVLQVWUHDPZLVHGLUHFWLRQDWGLIIHUHQW%5ZLWK'5RIDQG
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
)LJVKRZVWKHFRPSDULVRQSORWRIWKHILOPFRROLQJHIIHFWLYHQHVVDWGLIIHUHQWGHQVLW\UDWLRVIRUEORZLQJUDWLRV
DQGLWLVVHHQWKDWIRUWKHPRGHOZLWKF\OLQGULFDOKROHVWKHHIIHFWLYHQHVVLQFUHDVHVZLWKWKHLQFUHDVHLQ
GHQVLW\ UDWLRV 7KLV HIIHFW LV PRUH MXVW QHDU WKH FRRODQW H[LW )RU WKH ORZ EORZLQJ UDWLRV WKH FRRODQW LV DWWDFKHG
WRWKHSODWHVXUIDFHZKLFKLQFUHDVHVWKHHIIHFWLYHQHVVDQGJUDGXDOO\GHFUHDVHVWRZDUGVGRZQVWUHDPRIWKHKROH$VWKH
EORZLQJ UDWLR LQFUHDVHV WKH HIIHFWLYHQHVV GHFUHDVHV QHDU WKH KROH H[LW EXW WKHQ LQFUHDVHV DQG UHDFK DPD[LPXP
YDOXHDWDGLVWDQFH;' GRZQVWUHDPRIWKHFRROLQJKROH



)LJ$GLDEDWLFILOPFRROLQJHIIHFWLYHQHVVLQVWUHDPZLVHGLUHFWLRQZLWKGLIIHUHQW'5ZLWK%5RIDQG

)LJVKRZVWKHFRPSDULVRQSORWRIWKHILOPFRROLQJHIIHFWLYHQHVVDWGLIIHUHQWGHQVLW\UDWLRVIRUEORZLQJUDWLRV
DQG)RUKLJKHUEORZLQJUDWLRVDVWKHEORZLQJUDWLRLQFUHDVHVWKHFRRODQWMHWOLIWVRIIIURPWKHSODWHDQG
SHQHWUDWHV LQ WR WKH PDLQ VWUHDP IORZ DQG WKH KHDW WUDQVIHU UDWH GHFUHDVHV FDXVLQJ WKH GHFUHDVH LQ ILOP FRROLQJ
HIIHFWLYHQHVV DW WKH LPPHGLDWHO\ GRZQVWUHDP RI KROHV H[LW 7KH FRRODQW MHW UHDWWDFKHG WR WKH VXUIDFH VHYHUDO
GLDPHWHUVIURPWKHKROHH[LWWRZDUGVGRZQVWUHDPRIWKHWHVWVXUIDFH7KHSRLQWZKHUHWKHFRRODQWUHDWWDFKHVUHIHUVWR
WKHSRLQWRIPD[LPXPHIIHFWLYHQHVV



)LJ$GLDEDWLFILOPFRROLQJHIIHFWLYHQHVVLQVWUHDPZLVHGLUHFWLRQZLWKGLIIHUHQW'5ZLWK%5RIDQG

&RQFOXVLRQV

7KHSUHVHQWVWXG\GHDOVZLWKWKHQXPHULFDOLQYHVWLJDWLRQRIDGLDEDWLFILOPFRROLQJHIIHFWLYHQHVVRYHUDIODWSODWH
ZLWKF\OLQGULFDOKROHV%ORZLQJUDWLRVUDQJLQJIURPWRDWWKUHHGHQVLW\UDWLRVIURPWRZHUHVWXGLHG
)URP WKH QXPHULFDO DQDO\VLV WKH DGLDEDWLF ILOP FRROLQJ HIIHFWLYHQHVV VKRZV DQ LQFUHDVHZLWK LQFUHDVLQJEORZLQJ
UDWLR DQG GHQVLW\ UDWLR 7KH9DOLGDWLRQ RI &)' VLPXODWLRQ LV GRQH E\ FRPSDULQJZLWK H[SHULPHQWDO UHVXOWV 7KH
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FRROLQJHIIHFWLYHQHVVYDOXHLQFUHDVHVZLWKWKHLQFUHDVLQJEORZLQJUDWLRXSWR$WWKHORZHUEORZLQJUDWLRVXSWR
WKHPDLQVWUHDPLVPL[LQJDQGFRRODQWMHWVDUHPL[LQJLPPHGLDWHO\DWWKHH[LWRIWKHKROHVZKHUHDVDWWKHKLJKHU
EORZLQJUDWLRVRIDQGDERYHWKHFRRODQWMHWVDUHGRPLQDQWDQGWKHPL[LQJRIPDLQVWUHDPDQGFRRODQWMHWVRFFXU
DW [G JUHDWHU WKDQ  +HQFH IRU EORZLQJ UDWLRV  DQG DERYH WKHUH LV DQ LQLWLDO GHFUHDVH LQ WKH HIIHFWLYHQHVV
LPPHGLDWHO\GRZQVWUHDPRIWKHKROHDQGWKHQDQLQFUHDVHIRU[GJUHDWHUWKDQIRUEORZLQJUDWLRWRGXHWR
WKHLQLWLDOGHWDFKPHQWRIWKHFRRODQWMHWQHDUWKHILOPFRROLQJKROHV
)RU WKH VDPH EORZLQJ UDWLR WKH LQFUHDVH LQ GHQVLW\ UDWLR FDXVHV PRUH VSUHDGLQJ RI WKH FRRODQW RYHU WKH SODWH
VXUIDFH DQG WKH ODWHUDOO\ DYHUDJHG ILOP FRROLQJ HIIHFWLYHQHVV LQFUHDVHV 7KLV LQFUHDVH LQ FRROLQJ HIIHFWLYHQHVV LV
PLQLPDOIURPWKHGHQVLW\UDWLRRIWRDQGWKHUHLVDVPDOOLQFUHDVHIURPWKH'5RIWR
)URPWKHQXPHULFDODQDO\VLVLWLVIRXQGWKDWWKHGHQVLW\UDWLRDQGWKHEORZLQJUDWLRDUHWKHLPSRUWDQWSDUDPHWHUV
DIIHFWLQJWKHILOPFRROLQJHIIHFWLYHQHVVDQGDPRQJWKLVEORZLQJUDWLRLVSUHGRPLQDQW

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